an increase in nicotine-stimulated Ca 2+ influx suggesting persistent desensitization or inactivation of receptors at the plasma membrane occurred. Given the differences observed between hippocampus and diencephalon neurons exposed to nicotine, multiple mechanisms may play a role in the regulation of nAChR expression and function.
INTRODUCTION
Nicotinic acetylcholine receptors (nAChR) expressed in mammalian brain are ligandgated ion channels assembled as pentamers composed of alpha (α2-α7) and beta (β2-β4) subunits. Major receptor subtypes in the central nervous system are homomeric α7*-nAChR and heteromeric α4β2*-nAChR (* denotes that an additional subunit may be part of the receptor, (Lukas et al., 1999) . A lower density of α3β4*-and α6β2* nAChR subtypes are also found in some brain regions (Baddick and Marks, 2011) .
Chronic nicotine exposure induces up-regulation of nAChR in mice (Marks et al., 1983 ) (Marks et al., 1983) , rats (Schwartz and Kellar, 1983) , transfected oocytes (Fenster et al., 1999) , stably transfected fibroblasts (Peng et al., 1994; Bencherif et al., 1995; Peng et al., 1997; Warpman et al., 1998; Whiteaker et al., 1998; Gentry et al., 2003) and embryonic neurons in culture (Bencherif et al., 1995; Davila-Garcia et al., 1999; Nashmi et al., 2003; Lomazzo et al., 2011; Govind et al., 2012) . with no change in K D (Benwell et al., 1988; Breese et al., 1997; Perry et al., 1999) . Some brain regions (e.g. thalamus) are less responsive to chronic nicotine-induced upregulation than regions (e.g. hippocampus or cortex) where up-regulation occurs even after treatment with low doses of nicotine (Pauly et al., 1991; Flores et al., 1997; Sparks and Pauly, 1999; Nguyen et al., 2003; Marks et al., 2004 (Marks et al., 1993; Marks et al., 2004) . The apparent decrease in receptor function produced by chronic ligand exposure may arise from ligand-induced persistent desensitization or inactivation of nAChR (Peng et al., 1994; Gentry et al., 2003) .
However, it is also possible that the population of receptors that are increased by nicotine treatments remain in intracellular compartments such that receptors at the plasma membrane are unaltered or even reduced. This last hypothesis seems unlikely due to a recent report that demonstrates that receptors at the plasma membrane of neurons in primary culture are also up-regulated by chronic nicotine treatments (Lomazzo et al., 2011) , similar to the observation with cells transfected with α 4 and β 2 nAChR subunits (Peng et al., 1994; Whiteaker et al., 1998) . However, it has also been reported that chronic nicotine treatment increases total nAChR function as a consequence of the increased receptor expression in cell lines (Gopalakrishnan et al., 1996; Buisson et al., 2000) , rat synaptosomes (Nguyen et al., 2004) , and midbrain neurons (Nashmi et al., 2003; Nashmi et al., 2007) .
Most of the studies on nAChR cellular distribution used cell lines expressing native or transfected receptors. An alternative approach, using embryonic neurons in culture that express native nAChR, has the advantage of investigating cells that undergo differentiation and express several markers of mature neurons (Kaech and Banker, 2006) . For example, primary cultures of hippocampal neurons express α7*-and α4β2*-nAChR, and show nicotinic-induced currents after 10 days in culture (Zarei et al., 1999) .
Furthermore, primary neurons in culture chronically treated with nicotine up-regulate α 4β2-nAChR heterologously (Peng et al., 1994; Gopalakrishnan et al., 1996; Buisson et al., 2000; Gentry et al., 2003) .
The current study investigates the regulation of the distribution and function of nAChR in primary neuronal cultures isolated from hippocampus and diencephalon of mouse embryos. The effect of nicotine treatments on receptor density and distribution at surface and intracellular membranes was measured. We report here that cells prepared from hippocampus and diencephalon exhibit differences in nicotine-induced up- supplement, FLUO4NW®, Glutamax®, heat inactivated horse serum and Triplex® were purchased from Invitrogen.
Primary neuronal cultures
All experiments were approved by and carried out in accordance with the University of The cell suspension was centrifuged at 800 x g for 2 minutes and then re-suspended in minimal essential medium (MEM) supplemented with 10% Horse Serum, 100 U/ml penicillin, 100 U/ml streptomycin, and 0.25 mg/ml amphotericin B. Isolated neurons were seeded at a density of 50,000-75,000 cells/cm 2 over polystyrene plates coated with 0.1 mg/ml poly-l-lysine prepared in 0.1 M borate buffer pH 8.5. After 24 hours at 37 o C, media was changed to maintenance media (neurobasal media supplemented with B27, 100 U/ml penicillin, 100 U/ml streptomycin, 0.25 mg/ml amphotericin B and 2 mM L-glutamine). On the second day of culture, 10 μM ARA C was added for 72 hours at 37 o C incubation in order to control proliferation of glial cells. Cultures were kept in a humidified 5% CO 2 -95% air incubator at 37°C. A nicotine stock (10 mM) was prepared fresh for every experiment using maintenance medium, as well as for dilutions. Chronic nicotine treatments were begun 12 to 14 days after plating. Depending on the experiment, cells received nicotine concentrations of 0.001 µM to 10 µM only once at the beginning of either a 24 or 96 h chronic treatment period at 37 o C incubation.
Preparation of total membranes
After treatments were completed, neurons in culture were rinsed once with KRH buffer of the following composition: NaCl, 144 mM; KCl, 2.2 mM; CaCl 2 , 2 mM; MgSO 4 , 1 mM; HEPES, 25 mM; pH = 7.5, and then collected in 0.1X hypotonic KRH buffer by scraping the plate surface, triturated with an ultra turrax and centrifuged at 25,000 x g for 15 min (Whiteaker et al., 2000) differential inhibition by cytisine (50 and 150 nM) was used to distinguish two binding sites: cytisine-sensitive sites comprising α4β2* and cytisine-resistant sites representing a mixed population of receptors including α3β4* (for review see Marks et al., 2010) .
Alkylation of cell surface nAChR
To evaluate the effect of chronic nicotine treatment on surface and intracellular binding sites, cells were treated as described above with 0 or 1 µM nicotine for 24 h or 96 h, followed by alkylation of surface nAChR as described with some modifications (Free et al., 2005 
Ca

2+ influx determination
Neurons prepared as described above were plated in 96 well plates coated with 1 mg/ml poly-l-lysine (optical bottom, black plates NUNC™) and maintained in culture at Fluorescence was measured in a plate reader model VICTOR (Perkin Elmer). Samples were excited at 485 nm and emitted fluorescence was recorded at 535 nm every second after nicotine addition. Data is presented as area under the curve during 60 second readings and normalized by total Ca 2+ influx after cell lysis with 1% triton X100.
Nicotine stimulated fluorescence was determined by subtracting basal fluorescence
values, obtained by adding 20 μl of HBSS-HEPES-glucose buffer, from the values obtained by adding 20 μl of a 5X nicotine stock. Dose-response curves were generated using 0.001 µM, 0.01 µM, 0.1 µM, 1 µM and 10 μM nicotine. A concentration of 10 μM nicotine achieved maximal response and it was used to test the effect of chronic nicotine treatment. However, consistent with results presented above, the percentage of surface receptors in diencephalon (80%) ( Figure 5D ) is greater than the percentage of surface receptors in hippocampus (50%) ( Figure 5C ).
Data calculations
nAChR function after chronic nicotine treatment
The experiments described above demonstrate that chronic nicotine treatment Figure 6A . An EC 50 value of 182.7 ± 1.7 was calculated ( Figure 6B ). The effect of acute nicotine exposure on intracellular Ca 2+ in diencephalon is shown in Figure 6C . An EC 50 value of 84.0 ± 5.1 nM was calculated ( Figure 6D ). Hill coefficients were 1.02 ± 0.52 and 0.58 ± 0.66 in hippocampus and diencephalon, respectively. A 10 μM nicotine concentration was chosen to acutely stimulate control cells and cells that had been chronically treated with nicotine (0.01, 0.1, 1 and 10 μM nicotine for 96 hours). Chronic nicotine treatment had no significant effect on the increase in intracellular Ca 2+ in hippocampal neurons elicited by acute nicotine stimulation ( Figure 6E ). In contrast, the increase in intracellular Ca 
DISCUSSION
Chronic nicotine treatment increases the number of nAChR binding sites in rodent and human brain (Marks et al., 1983; Schwartz and Kellar, 1983; Benwell et al., 1988; Pauly et al., 1991; Breese et al., 1997; Perry et al., 1999; Sparks and Pauly, 1999; Nguyen et al., 2003; Marks et al., 2011) , as well as in cells expressing nAChR (Peng et al., 1994; Bencherif et al., 1995; Peng et al., 1997; Warpman et al., 1998; Whiteaker et al., 1998; Gentry et al., 2003) , including primary neuronal cultures (Bencherif et al., 1995; DavilaGarcia et al., 1999; Nashmi et al., 2003; Lomazzo et al., 2011; Govind et al., 2012 ).
Here we demonstrate in primary neuronal cultures from hippocampus and diencephalon that chronic nicotine exposure elicits saturable, concentration-dependent up-regulation of high affinity [ Peng et al., 1994; Gopalakrishnan et al., 1996; Fenster et al., 1999; Kuryatov et al., 2000) indicating that on average the surface receptors following chronic nicotine treatment are not fully functional.
Neuronal cultures resemble adult brain
Expression and regulation of nAChR in primary neuronal cultures resembles that observed for adult brain. Nicotine-induced nAChR up-regulation in rodents differs among brain regions: cortex or hippocampus show about a 2 fold increase in ligand binding whereas thalamus has much less up-regulation (Marks et al., 1983; Flores et al., 1992; Sanderson et al., 1993; Sparks and Pauly, 1999; Nguyen et al., 2003; Marks et al., 2004; Marks et al., 2011) .
Similarly, less up-regulation was observed for primary striatal cultures than for primary cortical cultures (Lomazzo et al., 2011) , a difference that is also observed following treatment in vivo. We also observed differences in the extent of nicotine-induced upregulation for mouse neuronal cultures, finding 2.5-to 3.5-fold increase in total [ However, little change in cytisine-resistant sites (or the subset of nAChR measured under these conditions) following chronic nicotine treatment has been noted for animals (Flores et al., 1997; Davila-Garcia et al., 2003; Nguyen et al., 2003; Marks et al., 2004) . nAChR up-regulation has been described in detail using animal and cellular models. 
Receptor function after chronic nicotine treatment
Despite the increase in receptors at the plasma membrane following chronic nicotine treatment, Ca 2+ influx elicited by acute nicotine exposure was decreased in diencephalon and virtually unchanged in hippocampus cultures. If the nicotinestimulated increases in intracellular Ca 2+ are normalized to plasma membrane receptor densities, the effect of chronic nicotine treatment is similar for cells from both regions:
That is, chronic nicotine treatment decreases function per unit surface binding site (functionality ratio) ( Figure 6F ). This result indicates that the up-regulated surface receptors are on average not fully functional. This finding is totally consistent with previous reports on chronically nicotine-treated mice where both 86 Rb + efflux and , 2007) . Differences in receptor composition, the functional response being measured, the specific cell type being investigated, or the species being examined no doubt contribute to the diversity of findings.
Summary
In conclusion, we observed significant differences between hippocampus and diencephalon neurons in culture with respect to density, distribution and nicotine- 
: 
: replicates from 3 independent experiments. Significant differences with respect to control (untreated) neurons were calculated using one way ANOVA, followed by student-Newman-Keuls post hoc analysis (*, p<0.001). control untreated neurons were calculated using one way ANOVA, followed by a student-Newman-Keuls post hoc analysis (*, p<0.05). 
